ABSTRACT We have cloned and partially characterized 24 loci from the human genome which are complementary to U1, U2, or U3, the three major species of small nuclear RNA (snRNA) in HeLa cells. When compared to the known Ul (human) and U2 (rat) snRNA sequences, the DNA sequences we report here for the complementary regions from two of the clones, Ul Among the various classes of molecules found in all eukaryotic cells, the small nuclear RNAs (snRNAs) have received relatively little attention until recently. The sequences of eight of these small homogeneous RNA species from mammalian cells (Ul, U2, U3A, U3B, U4, U5, U6, and 4.5S RNA) have been determined (1-6). U3 snRNA is found in the nucleolus, and other snRNA species are associated with either the nucleoskeleton or the nucleoplasm (7). At least three of the snRNAs are subject to considerable evolutionary conservation: Ul and U2 snRNA from chicken, rat, mouse, and human cells yield identical ribonuclease Ti fingerprints (1, 8, 9) , and the RNA sequences of U1 from HeLa cells and Ula from rat Novikoff hepatoma differ in only 2 of 165 positions (1). We have also shown that a snRNA from the lower eukaryotic cellular slime mold Dictyostelium discoideum is over 40% homologous to U3 snRNA from the rat (10).
Among the various classes of molecules found in all eukaryotic cells, the small nuclear RNAs (snRNAs) have received relatively little attention until recently. The sequences of eight of these small homogeneous RNA species from mammalian cells (Ul, U2, U3A, U3B, U4, U5, U6, and 4.5S RNA) have been determined (1) (2) (3) (4) (5) (6) . U3 snRNA is found in the nucleolus, and other snRNA species are associated with either the nucleoskeleton or the nucleoplasm (7) . At least three of the snRNAs are subject to considerable evolutionary conservation: Ul and U2 snRNA from chicken, rat, mouse, and human cells yield identical ribonuclease Ti fingerprints (1, 8, 9) , and the RNA sequences of U1 from HeLa cells and Ula from rat Novikoff hepatoma differ in only 2 of 165 positions (1) . We have also shown that a snRNA from the lower eukaryotic cellular slime mold Dictyostelium discoideum is over 40% homologous to U3 snRNA from the rat (10) .
Two recent developments have prompted new interest in the intracellular packaging and function of the snRNAs. First, antibodies produced by patients with the autoimmune disease systemic lupus erythematosus have been shown to recognize discrete cellular components that contain snRNAs complexed with a defined set of proteins (8) , thus opening the way for detailed structural studies of small nuclear ribonucleoprotein particles. Second, Lerner et al. (9) and Rogers and Wall (11) have observed a striking complementarity between the 5' end of Ul snRNA and the sequences that span splice junctions in nuclear RNA, suggesting a possible role, at least for Ul snRNA, in the splicing of mRNA precursors. Data concerning the organization and expression of snRNA genes are scant. Previous estimates of the reiteration frequency of snRNA genes in mammals had ranged from 100 (12) to 1000 (13) copies, based on hybridization of purified snRNA species to bulk DNA in solution. Our own recent results suggest that many of the sequences complementary to the three major snRNA species (U1, U2, and U3) in human cells are not interspersed with each other (ref. 14 and unpublished observations). Although no definitive data exist regarding transcription of the snRNAs, the inhibition of U1 and U2 biosynthesis by both aamanitin (15) and 5,6-dichloro-1-,8-D-ribofuranosylbenzimidazole (16) may imply that RNA polymerase II is responsible for the transcription of at least certain snRNAs. Furthermore, the sensitivity of U1 and U2 biosynthesis to low doses of ultraviolet irradiation suggests that these snRNA species are derived from transcription units as large as 5 kilobases (kb) (17) .
We originally decided to clone the genes encoding snRNAs in the hope that a systematic investigation of their organization and expression would also open up new avenues for understanding the function of the snRNAs themselves. We report here the surprising result that most, if not all, of the genomic loci complementary to snRNAs U1, U2, and U3 that we have examined contain divergent, and in some cases truncated, gene copies when compared with the corresponding HeLa cell snRNA species.
MATERIALS AND METHODS
A library of 15-kb partial EcoRI fragments of human placental DNA in the A vector Charon 4A (18) was kindly supplied by A. Biro, P. V. Choudary, J. T. Elder, and S. M. Weissman. Plaques were screened by the method of Benton and Davis (19); we used as probes U1, U2, and U3 snRNAs isolated from HeLa cells and labeled in vitro at the 3' end with 5'-32P-labeled pCp and T4 RNA ligase as described (14) . As little as 106 cpm of snRNA at a specific activity of 106 cpm/,ug was sufficient to screen six 140-mm nitrocellulose filters, each bearing 8000 plaques. With each probe, 0. 1% of the plaques were scored as positive and repurified for further study. Small quantities of recombinant DNA were prepared from 4-ml NZY cultures (20) ; larger quantities were prepared from recombinant phage grown and purified as described (18) . EcoRI fragments that hybridized with U1 or U2 were subeloned into pBR322, and the recombinant plasmids were designated pUl. 11 and pU2.7.
All experiments involving recombinant molecules were performed under P2-EK2 conditions as specified by the revised National Institutes of Health guidelines for recombinant DNA research.
RESULTS
The human genomic library in Charon 4A was screened separately with U1, U2, and U3 snRNA probes to yield 13 recomAbbreviations: kb, kilobase; snRNA, small nuclear RNA. 810
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We initially chose the recombinant phage Ul.11 and U2.7 for detailed characterization. The unique region complementary to the snRNA in each phage was localized as described (10) and the sequence was determined according to Maxam and Gilbert (21) . Fig. 1 presents a high-resolution map of the relevant restriction fragments from each of the plasmid pBR322 subelones pUl.11 and pU2.7; Fig. 2 compares the DNA sequence of these cloned human genomic loci with the known sequence of human Ul and rat U2 snRNA (1, 2 [7] [8] [9] precisely in the region of U1 that is complementary to splice junction sequences in nuclear RNA (9, 11) . The pUl. 1 pseudogene also lacks any sequence corresponding to the last 32 nucleotides of U1 RNA, and no sequences resembling the 3' end of U1 RNA could be found in 76 additional base pairs of 3' flanking DNA (data not shown). Discounting truncation at the 3' end, the overall sequence mismatch up to position 133 in pUl.11 is 16% (21 differences in 132 nucleotides), and the RNA and DNA sequences maintain perfect registry over this entire region. The homology between pU2.7 and rat U2 RNA is somewhat better, with only 10% mismatch and no truncation, but the registry is poor (18 differences in the 173 nucleotides aligned in Fig. 2 , with insertion of 4 and deletion of 21 nucleotides). The lack of registry might in part reflect sequence differences between human U2 RNA and the published rat U2 sequence which was determined by classical RNA fingerprinting techniques (ref. 2 ; also see Note Added in Proof).
Ti RNase Protection Experiments. To determine whether the other 22 cloned genomic loci also contain pseudogenes, we screened DNA from these phage for the ability to form snRNA-DNA hybrids resistant to mild digestion with T1 RNase as described (14) . Recombinant DNAs were immobilized on nitrocellulose filters and hybridized with purified HeLa U1, U2, or U3 RNA uniformly labeled in vivo with [32P]phosphate. After treatment with 10 units of T1 RNase per ml at high salt concentration under conditions that leave a perfect RNA-DNA duplex intact (14) , the protected snRNA fragments were eluted from the filters and their sizes were determined on a 15% polyacrylamide gel. U2 and U3 snRNA eluted directly from duplicate filters without RNase treatment were included as a control (see Fig. 4, lanes U2 and U3) .
Based on the size of the HeLa snRNA fragments protected by the pseudogenes Ul. ll and U2.7 of known sequence, the T1 RNase protection experiments appeared to be a sensitive measure of homology between the various cloned loci and the corresponding snRNA. For example, the exposed 3' end of U1 snRNA in a hybrid with U1. 11 DNA resulted in a shortened but otherwise intact molecule after T1 RNase digestion (Fig. 3) ; moreover, this protected Ul fragment was found by fingerprint analysis to have lost T1 oligonucleotides derived from the 3' end of the molecule (data not shown). Similarly, the deletion of 10 base pairs at positions 149-158 in the U2.7 pseudogene should expose one or two guanosine residues of U2 RNA to T1 RNase digestion, resulting in one large and one small fragment, as was actually observed (Fig. 4) . Of the 13 U1 clones, 7 U2 clones, and 4 U3 clones analyzed (Figs. 3 and 4) , only U1. 7 and U1. 15 appeared to have significantly protected full-length HeLa snRNA from Ti RNase digestion. These clones may represent bona fide genes (see Note Added in Proof). The remaining genomic loci almost certainly contain pseudogenes because the observed Ti RNase protection patterns resemble those ofU1. 11 and U2.7. Within the set of clones complementary to each of the snRNA species, apparently identical protected RNA fragments appear in many or all lanes; for example, six out of seven U2 clones protect a fragment of U2 RNA that migrates just ahead of tRNA (Fig. 4) . We have no basis for explaining this phenomenon, although it might reflect RNA secondary structure, some degree of homology between the pseudogenes, or even the presence of intervening sequences. Alu Family Sequences. Computer analysis (22) of DNA sequences flanking the pseudogenes produced yet another surprise. Members of the major family of interspersed middle repetitive DNA sequences in the human genome, known collectively as the Alu family (23, 24) , lie upstream from both snRNA pseudogenes and in the same orientation as the pseudogenes themselves (Fig. 1) (10, 27) . Such minor RNA sequence heterogeneity suggests that the various RNAs are actually encoded by multiple genes that belong to the extended pseudogene families described here. We have previously shown that at least two of the five genomic loci complementary to D2 snRNA in Dictyostelium must be genetically active (10) .
Although some of the snRNA pseudogenes may actually be transcribed in vivo, they are unlikely to produce mature snRNAs because the strong conservation of snRNA sequence among hen liver, rat hepatoma, human cervical carcinoma, and mouse Ehrlich ascites cells (8, 9) (30) , the a-globin (31) (32) (33) and &3globin (34) (35) (36) gene clusters in various mammals, and the actin genes of D. discoideum (37) . Few generalizations can be drawn about the possible function of pseudogenes because the term refers to several types of unexpressed but siguificantly homologous sequences, ranging from a perfect mouse a-globin gene copy that has cleanly lost both intervening sequences (31, 32) to the truncated but otherwise nearly perfect 5S pseudogene of Xenopus (30) . With the possible exception of the Dictyostelium actin genes (37) and the mouse a-globin genes (31, 32) (32) (33) (34) (35) . Although this mechanism may also account for generation of the pseudogenes discussed here, the dispersion, high reiteration frequency, and sequence diversity of snRNA pseudogenes might have functional significance as well: the loci may serve in a regulatory capacity (32, 38) , for example, by virtue of their ability to form base pairs with the corresponding snRNAs.
We were surprised to find upstream Alu family sequences with the same polarity as the U1. 11 and U2.7 pseudogenes, and we have recently learned that two Alu family sequences form a hyphenated palindromic sequence surrounding a human U6 snRNA pseudogene, with the upstream Alu sequence also in the same orientation as the pseudogene itself (C. H. Duncan, P. V. Choudary, and S. M. Weissman, personal communication). Middle repetitive DNA sequences belonging to the Alu family precede both the P-and y-globin gene cluster in humans (23, 25) , and when used in vitro as templates for RNA polymerase III, the human Alu sequences produce discrete RNA transcripts with the same polarity as the globin genes themselves (25) . A similar arrangement of middle repetitive sequences may also occur in the -like globin gene cluster of the rabbit (39) . One reasonable hypothesis is that in mammals, Alu family sequences or their equivalent (23, 40) often occur upstream from and in the same orientation as RNA polymerase II transcription units. Such a sequence arrangement may have survived whatever process generated the pseudogenes we have studied.
We have not yet identified bona fide genes encoding U1, U2, or U3 snRNA. However, we may have selected against these loci during construction, propagation, or screening of the recombinant phage library. It should be possible to isolate true snRNA genes from a more complete library by using procedures that distinguish between genes and pseudogenes. We believe that further analysis of snRNA pseudogenes will lead to a better understanding of their origin and possible function. 
